The biochemical analysis of cellulose biosynthesis by plants has been a difficult problem due to the lack of a reliable assay procedure for cellulose synthase activity. Recently, the celAl gene was cloned from cotton fiber, and this gene was identified from the rswl mutant of Arabidopsis as a catalytic subunit of cellulose synthase (Arioli et al. 1998). The cloning of these genes enables us to obtain specific antibodies against cellulose synthase. A highly specific antibody against celAl protein was prepared and used to detect the protein from microsomal fraction of tobacco BY-2 cells. The quantity of celAl protein in microsomal fraction of normal BY-2 cells was under the detection limit, although they contained a large quantity of cellulose. In contrast, cells habituated to 1 fiM DCB (a specific inhibitor of cellulose biosynthesis) produced 1/10 of cellulose content of the normal cells, but had much more celAl protein than the normal cells. The amount of polysaccharides in the EDTA-soluble fraction was relatively increased in habituated cells. The results suggest that celAl protein is stabilized upon DCB binding and that the crystallization of cellulose microfibrils is inhibited simultaneously.
Higher plants contain a membrane-bound glucan synthase responsible for the synthesis of cellulose. However, almost all the attempts at in vitro synthesis of cellulose have resulted in the formation of only l,3-/?-glucans or only a very limited synthesis of 1,4-/?-glucans (Delmer 1987a , Okuda et al. 1993 . Therefore the process of plant cellulose biosynthesis is still poorly understood. Recently, plant cDNAs with similarity in terms of amino acid sequence to the bacterial cellulose synthase (UDP-forming, EC 2.4.1.12) were found from cotton fibers and namAbbreviations: CHAPS, 3-[(3-cholamidopropyl) dimethylammonio]-l-propanesulfonate; DCB, 2,6-dichlorobenzonitrile; DMSO, dimethylsulfoxide; EST, expressed sequence tag; IPTG, isopropylthio-/?-D-galactoside; MOPS, S-CAf-morpholino) propanesulfonic acid; /7-APMSF, (p-amidinophenyO-methanesulfonyl fluoride; PBS, phosphate buffered saline; TBS, Tris buffered saline; TBST, Tris buffered saline containing 0.05% Tween 20. 1 To whom correspondence should be addressed. ed celAl (Pear et al. 1996) . The celAl mRNA has been shown to be highly expressed in developing cotton fibers during secondary wall synthesis. The structure and expression pattern strongly suggest an involvement of the celAl gene in the cellulose biosynthesis of cotton fibers. Since several cDNA sequences analogous to cotton celAl cDNA were identified from a plant EST database (Newman et al. 1994 , Sasaki et al. 1994 , celAl seems to be involved in cellulose synthesis in not only cotton fibers but also various other plant tissues and species. Mutants of Arabidopsis impaired in cellulose production were selected with the use of a radial swelling phenotype (rsw, Baskin et al. 1992 ) which mimics the responses to cellulose synthesis inhibitors such as DCB (2,6-dichlorobenzonitrile, Hogetsu et al. 1974) . Map-based cloning of the RSW1 locus showed that this locus encodes a catalytic subunit of cellulose synthase that is closely related to celAl protein (Arioli et al. 1998) , indicating that celAl protein is truly involved in plant cellulose biosynthesis. These studies would be expected to facilitate biochemical analysis of plant cellulose synthase, because cloning of the genes enables us to obtain specific antibody against the catalytic subunit of cellulose synthase.
In this report, we prepared a specific anti-peptide antibody that recognizes a highly conserved region of celAl protein. Using this antibody, we tried to detect celAl protein from tobacco BY-2 cells. Surprisingly, the amount of celAl protein in BY-2 cells was under the detection limit although they contained large quantity of cellulose. In contrast, cells habituated to 1 fiM DCB accumulated much more celAl protein in the microsomal fraction than did the normal cells. Our specific antibody and DCB-habituated cells may greatly facilitate the biochemical analysis of plant cellulose biosynthesis.
Materials and Methods
Plant material-A suspension culture of tobacco cells, BY-2, derived from Nicotiana tabacum L. cv. Bright Yellow 2 (Kato et al. 1972) , was kindly donated by Dr. T. Asada (Osaka University) and was propagated in a rotary shaker at 125 rpm at 27°C. The maintenance culture medium was prepared as described by Nagata et al. (1982) . The cells were maintained by weekly subculture. DCB-habituated cells were propagated by exposing BY-2 cells to medium containing 1 fiM DCB throughout subculture routines for several months as described by Vaughn and Durso (1997) . DCBhabituated cells were cultured in a rotary shaker at 80 rpm at 27°C and maintained by subculture at intervals of 21 d. DCB-habituated cells were used for experiments after at least 3 months from the beginning of habituation.
Analysis of cell wall polysaccharides-Cell wall polysaccharides of BY-2 cells and DCB-habituated cells were fractionated by the method of Sakurai et al. (1987) . Cultured cells (ca. 1 g fr wt) were boiled for 15 min in 15 ml of methanol and centrifuged for lOmin at 1,000 xg. The residue was homogenized in deionized water with a mortar and pestle. The homogenate was boiled for 10min and then centrifuged at 1,000xg. The residue (cell wall fraction) was treated with 2 ml of a solution of 5 units ml" 1 of porcine pancreatic a-amylase (Type I-A; Sigma, St. Louis, MO, U.S.A.) in 50 mM sodium acetate buffer (pH 6.5) for 2 h at 37°C. The crude cell-wall materials were washed three times with deionized water. The EDTA-soluble substances (containing pectin and noncrystalline l,4-/?-glucan; Arioli et al. 1998) were extracted three times, for 15 min each, from the cell walls with 50 mM EDTA in 50 mM sodium phosphate buffer (pH6.8) at 95°C. Next, hemicellulosic substances were extracted for 18 h at 25°C with 17.5% NaOH that contained 0.02% NaBH 4 . The hemicellulosic fraction was neutralized with glacial acetic acid over ice-cold water. The residue was washed three times with 0.03 M acetic acid and with a mixture of ethanol and ether ( 1 : 1 , v/v) and dried for one day at 25°C and for two days at 40 c C. The dried materials were designated the cellulose fraction. The cellulose fraction was dissolved in 0.2 ml of 72% H 2 SO 4 (w/w) for 1 h at room temperature. Sugar contents of each fraction were determined by the phenol-sulfuric acid method (Dubois et al. 1956 ).
Preparation of an antibody against celAl protein-Synthesis of antigen peptide fragment combined with MAP (multiple antigen peptide) resin (Posnett and Tarn 1989) and rabbit antiserum production were prepared by Sawady Technology Co. (Tokyo, Japan). The amino acid sequence of the antigen peptide was KEAIHVISCGYEDKS (Fig. 1 ). This sequence was based upon the analysis of cotton celAl cDNA sequence (Pear et al. 1996) for antigenicity and surface probability (Carmenes et al. 1989 ) and comparison of the celAl cDNA sequences of cotton, Arabidopsis and rice. The antiserum was affinity-purified with the immobilized antigen peptide to increase specificity as follows. The lyophilized antigen peptide (2 mg) was dissolved in 7 ml of coupling buffer (0.1 M NaHCO 3 containing 0.5 M NaCl). The peptide solution was mixed with 4 ml of washed and swollen CNBr-activated Sepharose Antigen Peptide 
75°K
EAIHVISCGYEDKS ************ * KEAIHVISCGYEEKT KEAIHVISCGYEDKT KEAIHVISCGYEDKS KEAIHVISCGYEDKT Fig. 1 Amino acid sequence of the antigen peptide and that of corresponding region of various celAl homologues. This region was chosen based upon an analysis of cotton celAl cDNA sequence (Pear et al. 1996) for antigenicity and surface probability (Program Predict7 vl.2, Carmenes et al. 1989) . The sequences of cotton celAl and Arabidopsis RSWl are numbered as in the Pear et al. (1996) and Arioli et al. (1998) , respectively. Amino acid sequences for Arabidopsis (T45303, Newman et al. 1994 ) and rice (D47821, Sasaki et al. 1994) were deduced from EST sequences. Asterisks represent amino acid residues common to the five sequences.
4B (Pharmasia, Uppsala) and shaken at room temperature overnight. After sequential washing with 0.1 M glycine-HCl pH2.5 and 0.1 M Tris-HCl pH 8.8, the gel with immobilized peptide was transferred to a small column and equilibrated with PBS. After gentle mixing with 4 ml of antiserum within the column for 3 h, the gel was washed with PBS followed by elution with 0.1 M glycine-HCl pH2.5. The eluate was immediately neutralized and then stored at 4°C. Examination of specificity of the antibody-The cDNA sequences of Arabidopsis with similarity to cotton celAl cDNA were identified by searching the TIGR Arabidopsis thaliana database (http://www.tigr.org/tdb/at/searching-at/searching-at. html). An EST sequence (Newman et al. 1994 , GenBank accession number T46527) was selected from the homologues, and the plasmid corresponding to the sequence was obtained from Arabidopsis Biological Resource Center (ABRC) at Ohio State University. The partial sequencing of the inserted cDNA ensured its identity. This plasmid contained a truncated RSWl (Arioli et al. 1998) cDNA that included the epitope for the antibody. The inserted cDNA was excised and cloned into a pMAL-C2 expression vector (New England Biolabs, Beverly MA, U.S.A.) to express malEcelAl fusion protein. The resultant plasmid and original vector were transformed into E. coli (strain DH5a) separately. The transformants were cultured with L-broth containing 100/Jg ml" 1 of ampicillin overnight at 37°C and then subcultured into two broths. One was further cultured without IPTG, and the other was induced by addition of 1 mM IPTG and then continued in culture for 3 h. The cells were harvested by centrifugation and lyzed by 3 cycles of freezing and thawing in 1 x SDS sample buffer (0.25 M Tris-HCl pH 6.8 containing 1% SDS, 16% glycerol, and 5 mM dithiothreitol) followed by centrifugation. The supernatants were subjected to immunoblot analysis. The membranes were incubated with the diluted (1 : 200 with TBST) antibody or the antibody containing 4 0^g m r ' antigen peptide. Binding of the antibody was visualized by ProtoBlot Western Blot AP system (Promega, Madison WI, U.S.A.).
Preparation of microsomal fractions-The BY-2 cells (4 d or 12 d after subculture) and DCB-habituated cells (12 d after subculture) were used for this experiment. The normal cells were in exponential-growth phase on day 4. Since the growth of DCB-habituated cells was slow, they were in exponential-growth phase on day 12. For short-term DCB treatment, 1/1,000 volumes of stock DCB solution (1 mM or 10 mM, dissolved in DMSO) was added to BY-2 cells 3 d after subculture. As a control, the same volume of DMSO without DCB was added to another culture. After 24 h, they were harvested for the preparation of microsomal fractions. Cells (about 1.5 g) were homogenized with a mortar and pestle in 8 ml of extraction buffer (50 mM MOPS-KOH pH 7.5 containing 0.25 M sucrose, 10 mM dithiothreitol, 14 mM 2-mercaptoethanol, 1 mM p-APMSF and 5 mM EDTA) and centrifuged at 6,000 x g for 20 min at 4°C to remove heavy particles and organella. The supernatants were then ultracentrifuged at 100,000 x g for 90 min at 4°C (Beckman XL-90, Ti90 rotor, 40,000 rpm). After the precipitates were resuspended in 10 ml of 50 mM MOPS-KOH pH 7.5 containing 0.25 M sucrose, the samples were ultracentrifuged again for 60 min. The precipitates were suspended in 50 mM MOPS-KOH pH 7.5 containing 0.25 M sucrose, 14 mM 2-mercaptoethanol, 1 mMp-APMSF, and 10% glycerol and brought to a protein concentration of 2 mg ml"'. These samples were stored at -7 0 c C until use.
Immunoblot analysis of microsomal fraction-Microsomal fractions prepared as described above were solubilized by slowly adding one seventh volume of 4% (w/v) CHAPS (final concentra-tion is 0.5%) and kept on ice for 30 min followed by ultracentrifugation. The supernatants were mixed with a half volume of 3 x SDS-sample buffer. The pellets were resuspended in the same volume of 1 x SDS-sample buffer as that of supernatant. The samples (20//I lane" 1 , containing about 15 /ig of protein) were subjected to immunoblot analysis. A portion of the antibody was passed through a sepharose 4B column of immobilized antigen peptide twice and then used as a "absorbed antibody" to visualize non-specific binding. Binding of the antibody was visualized by Western Blot Chemiluminescence Reagent Plus (New England Biolabs, NEL103).
Results
Cell wall polysaccharide of BY-2 cells and DCB-habituated cells-BY-2 cells habituated to 1 ^M DCB produced remarkably large, colonial aggregates, as reported by Vaughn and Durso (1997) . Cell wall fractions of normal BY-2 cells and DCB-habituated cells were fractionated, and the sugar contents (per g fr wt) of each fraction were determined (Table 1) . Cellulose content of the DCB-habituated cells was substantially lower than that of normal cells. In contrast, the EDTA-soluble fraction increased drastically in the DCB-habituated cells. Hemicellulose and total sugar did not change significantly. These results were consistent with the results of previous reports (Shedletzky et al. 1990, Vaughn and Durso 1997) .
Examination of the specificity of the antibody-To test the specificity of the antibody produced in this work, we expressed a celAl cDNA of Arabidopsis (T46527) as a fusion protein with the malE gene product in E. coli. This cDNA was identical to RSWl gene (Arioli et al. 1998 ) but contained only the second half of the complete cDNA sequence (corresponding to Leu 641 to carboxyl terminal of RSWl protein). Since the expression vector used in this experiment (pMAL-C2) contained the tac promoter and the laclq gene, the expression of the fusion protein was induced only in the presence of IPTG. Although the fusion protein was not identified by staining with Ponceau S (Fig. 2, lane 4) , immunoblot analysis with the antibody clearly detected two bands with molecular weights of about 80 kDa in the presence of celAl cDNA and IPTG induction (lane 8). In the absence of celAl cDNA, these bands were not observed regardless of IPTG induction (lanes 5 and 6). Furthermore, the addition of antigen peptide to the antibody solution quenched these signals completely (lane 12), confirming that both of the two bands on lane 8 were derived from the malE-celAl fusion protein. The fact that the fusion protein was detected as two bands may be due to partial degradation. The results indicated that the antibody has a very high specificity against celAl protein. Since the epitope recognized by the antibody is almost completely conserved among celAl proteins of various plant species (Fig. 1) , this antibody was expected to recognize celAl protein of BY-2 cells.
Immunoblot analysis of celAl protein-The overall hydropathy plot analysis has suggested that celAl protein is a membrane protein with multiple membrane-spanning domains (Pear et al. 1996) . This prediction was consistent with the widely accepted notion that plant cellulose synthase exists on the plasma membrane. Therefore, we prepared microsomal fractions by ultracentrifugation from tobacco BY-2 cells and DCB-habituated cells respectively and analyzed the presence of celAl protein by immunoblotting (Fig. 3) . When the microsomal fraction of normal BY-2 cells was analyzed by the antibody, several bands emerged (lanes Bl and 2). However, identical bands were also detected by "absorbed antibody" that was treated with immobilized antigen peptide (lanes Cl and 2). Therefore, the quantity of celAl protein in the microsomal fraction of normal BY-2 cells was under the detection limit of this experiment. The same result was obtained in BY-2 cells 12 d after subculture (lanes 3 and 4 of panel B and C). In contrast, when the microsomal fraction of DCB-habituated cells were analyzed, three very strong signals (117 kDa, 107 kDa and 94 kDa) were observed (Fig. 3 , compare lanes 5, 6 of panel B with those of panel C). Since the open reading frame of RSWl cDNA of Arabidopsis and that of cotton celAl cDNA encode polypeptides with molecular weights of 122,235 and 109,586, respectively (Arioli et al. 1998 , Pear et al. 1996 , the estimated molecular sizes of the proteins corresponded closely to those of the cDNA sequences. In addition, a signal with high molecular weight (estimated as 164 kDa) was observed. About 50% of these proteins 
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Fig. 2 Examination of specificity of the antibody. E. coli that contains the expression plasmid for the malE-celAl fusion protein was precultured and then subcultured into two broths. One was further cultured without IPTG (lanes 3, 7 and 11), and the other was induced by addition of 1 mM IPTG (lanes 4, 8 and 12). As a control, E. coli transformed with vector only was also propagated as above (lanes 1, 5 and 9 were cultured without IPTG and lanes 2, 6 and 10 were induced by IPTG). Proteins extracted from each culture were subjected to immunoblot analysis. The membranes were stained with Ponceau S (lanes 1-4) and incubated with the antibody (lanes 5-8) and with the antibody containing 40 /xg ml" 1 of antigen peptide (lanes 9-12), respectively. The molecular weight markers are indicated at the left side. Arrow heads indicate the fusion proteins. The fact that the fusion protein was detected as two bands may be due to partial degradation.
were solubilized by treatment of the microsomal fractions with 0 . 5 % C H A P S (lanes B5 and 6).
We also investigated the effect of short-term treatment of DCB (Fig. 4) creased the content of the celAl proteins (lane 2), although the effect was less significant than long-term treatment (Fig.4, compare lane 2 with 4) . In contrast, 10/iM DCB was not effective, suggesting that DCB causes some inhibitory side effect at a higher concentration (lane 3).
Discussion
The biochemical analysis of plant cellulose biosynthesis has been a difficult problem due to the lack of a reliable assay procedure for cellulose synthase activity. Many previous attempts to synthesize cellulose in vitro resulted in a very low levels of l,4-/?-glucan synthesis (Delmer et al. 1993 , Okuda et al. 1993 . The main problem is considered to be the instability of cellulose synthase. However, it is also likely that the assay conditions used so far are not suitable for cellulose synthesis. In this work, we found that the content of the celAl protein (catalytic subunit of cellulose synthase) in the microsomal fractions of normal BY-2 cells is under the detection limit (Fig. 3B ). This fact suggests that the difficulty of the in vitro cellulose synthesis is caused by an instability of the synthase itself. Our preliminary immunoblot analysis showed that celAl protein was hardly detectable in the microsomal fractions of seedlings of rice and radish, suggesting that this phenomenon is not limited to BY-2 cells.
In contrast, our antibody clearly recognized at least four microsomal proteins (164 kDa, 117 kDa, 107 kDa and 94 kDa) in DCB-habituated cells that contain very small amounts of cellulose in their cell wall fraction (Fig.3B) . We conclude that these proteins are celAl proteins of tobacco cells based on following reasons: (i) The antibody was demonstrated to be highly specific for celAl protein by immunoblot analysis of the malE-celAl fusion protein that was expressed in E. coli (Fig. 2). (ii) The estimated molecular sizes of the proteins were quite consistent with the calculated molecular weight of the cotton celAl and Arabidopsis RSWl cDNAs (Pear et al. 1996 , Arioli et al. 1998 except for one large 164 kDa protein. Kudlicka and Brown (1997) reported the presence of a 170 kDa protein that appears to be specifically associated with cellulose synthase activity. In cotton, the celAl gene is estimated to constitute a gene family that contain several members (Pear et al. 1996) . The appearance of multiple signals by immunoblot analysis strongly suggests presence of a celAl gene family in tobacco cells. It seems also likely that celAl proteins are subjected to post-translational processing or modification that produce the divergence in molecular weight. Shedletzky et al. (1990) had already shown that the cell walls of tomato cells in suspension culture adapted to DCB possess an altered wall composition. However, no one noticed the advantage of the DCB-habituated cells for the elucidation of plant cellulose synthesis. DCB-habituated cells could be of great value in establishing a procedure for an in vitro cellulose synthesis assay.
Callose synthase, an enzyme that forms linear chains of 1,3-yS-glucan, is localized on the plasma membrane (Kauss 1996) . Since the activity of this enzyme is very high and l,3-/?-glucan is laborious to distinguish from cellulose, the quantitative measurement of cellulose synthesis activity has been hindered. Because our antibody shows a very high specificity to celAl protein (Fig. 2) , this problem will be solved by immunological separation of celAl protein from the activity of callose synthase.
The chemical and electromicroscopic analyses of the rswl mutant (Baskin et al. 1992 ) introduce a new point of view to the plant cellulose biosynthesis mechanism. Shoots of rswl seedlings grown at the restrictive temperature have less cellulose than wild-type seedlings, but accumulate noncrystalline l,4-/?-glucan. This mutation also causes disassembly of cellulose synthase complex (rosette) within 30min after transfer to 31°C (Arioli et al. 1998 ). Interestingly, it was reported that application of DCB for 10-30 minutes reduced the number of rosettes remarkably in moss Funaria hygrometrica (Rudolph et al. 1989) . Since the rswl mutant was isolated as a mutant that mimics responses of wild-type roots to DCB, it is likely that there is a common mechanism between the action of DCB and the rswl mutation. DCB has been proposed to interact specifically with protein(s) involved in cellulose biosynthesis and to inhibit its function (Delmer et al. 1987b) . We suppose that the target molecule of DCB is celAl (RSW1) protein.
If this is the case, the increase in the amount of celAl protein (Fig. 3) may be caused by stabilization of the protein.
Although it is not known how DCB stabilizes celAl protein at present, one possible explanation is that celAl protein undergoes a dramatic conformational change upon DCB binding and that the new conformation is more stable against proteolytic degradation. It is known that some enzymes with a very rapid turnover rate are stabilized by specific inhibitors. For example, ornithine decarboxylase, an enzyme that regulates the synthesis of polyamines, is stabilized by a competitive inhibitor, 1,4-diaminobutanone (Stevens and Mckinnon 1977) .
It may be possible that the increased amount of EDTA-soluble fraction in DCB-habituated cells (Table 1) contains not only pectin but also noncrystalline 1,4-/?-glucan, as the mutant does. We hypothesize that DCB inhibits the crystallization of cellulose microfibrils. However, some differences are observed between the action of DCB and that of the rswl mutation. The content of cellulose of DCB-habituated cells is only 12% of the normal BY-2 cells (Table 1) , whereas rswl seedlings grown at the restrictive temperature still contain 43% of the wild type (Arioli et al. 1998) , suggesting that DCB affects cellulose synthase activity more severely than the mutation. Vaughn and Durso (1997) have established DCB-habituated cells from tobacco BY-2 cells as we did in this work. They showed histochemically that the distribution of polygalacturonic acids are distinctly lamellate, as if the middle lamellar (pectic) material has replicated itself to fill the entire wall volume. However, the Golgi-synthesized polysaccharides showed smaller changes in the rswl mutant (Arioli et al. 1998) . The comparison of the mode of action of DCB and that of the rswl mutation will be the focus of our future experiments.
